ABSTRACT
INTRODUCTION
Transfection of an expression cassette into cultured animal cells is an important tool for investigating transient heterologous protein expression and is also the first step in the generation of stably transformed cells lines. We have previously reported that high yields of recombinant proteins can be obtained from stably transformed lepidopteran insect cells (6, 7) and anticipate that improvements could be achieved by improved transfection protocols. Various methods of gene transfer have been developed, including electroporation (17) , DEAE dextran transfection (16) , calcium phosphate precipitation (CaPO 4 ) (11, 13, 21) and cationic liposomes such as lipofectin (4, (8) (9) (10) 14, 15, 19) . Although in some cases toxicity limits its use, lipid-mediated transfection was shown to be 5-100-fold more efficient than methods using CaPO 4 or DEAE dextran (9) . The wide use of cationic liposomes is also due to the ease of the transfection procedure and the high frequency of stable gene expression (18) . With the addition of cationic liposomes to a DNA solution, a lipid/DNA complex spontaneously forms. When added to cell cultures, the DNA is transported into the cells, either by endocytosis (22) or by fusion with the plasma membrane (2) , and the exogenous DNA migrates to the nucleus.
Two important parameters to be examined and optimized within the transfection procedure are the heterologous protein expression level and the transfection efficiency. Measuring these two parameters is often done using a transfection marker or reporter gene. Quantification of the expression level using reporter proteins such as β -galactosidase ( β -gal) (1,11,14,15,18,21), luciferase (5, 11) and CAT (12, 20) requires a series of time-consuming steps that may involve cell lysis, soluble protein extraction and quantification, completion of an assay with expensive substrates and spectrophotometer analysis (18) . There are two further disadvantages to this technique: (i) assaying the protein activity of transfected cells' extracts is only an indirect measurement of gene expression and (ii) the simultaneous measurement of the transfection efficiency and expression level is not possible.
Determination of the transfection efficiency using the above mentioned reporter proteins can also be tedious. For example, the use of β -gal involves timeconsuming steps, including cell fixation, staining, incubation, photography and calculating the number of stained cells (21) . In contrast, green fluorescence protein (GFP) fluorescence can be noninvasively detected in living cells. Flow cytometric analysis of GFP expression has become a popular means of gene transfer quantification (4, 19) 
MATERIALS AND METHODS

Plasmid Constructions
The lepidopteran expression cassette overexpressing the Aequorea victoria GFP, pIE1/153A.gfp, has been described previously (7) .
Cell Culture and Transfections
Bm5 and Sf-21 cells were cultured in IPL-41 insect medium (Life Technologies, Gaithersburg, MD, USA) supplemented with 0.2 g/L L-glutamine, 2.6 g/L tryptose phosphate, 9.0 g/L sucrose, 0.35 g/L sodium bicarbonate, 0.069 mg/L zinc sulphate, 7.59 mg/L aluminum potassium sulphate, 0.5 g/L calcium chloride and 10% fetal bovine serum (FBS; JRH Biosciences, Lenexa, KS, USA). For all transfection experimental investigations, cells were seeded into Falcon ® 6-well plates (Becton Dickinson Vacutainer Systems, Franklin Lakes, NJ, USA) at a density of 5 × 10 5 cells/mL (2 mL/well) and allowed to adhere overnight (most cultured lepidopteran cells are weakly adherent). Cells were then transfected with the plasmid pIE1/153A.gfp. The generic transfection protocol for a single well is as follows. We prepared the transfection solution by first incubating 30 µ g/mL of L IPOFECTIN ® Reagent (Life Technologies) in 275 µ L of basal medium on ice for 30 min in Falcon polystyrene conical tube vessels (Becton Dickinson Vacutainer Systems). We added this solution to 6 µ g/mL of plasmid DNA in 275 µ L of basal medium, and the mixture was further incubated on ice for 15 min. After removing the serum-containing medium and rinsing the wells with basal medium, we added the transfection solution to the cells. Following transfection for 5 h at 28°C, we removed the transfection solution, rinsed the cells to remove residual transfection solution and added 2 mL of complete medium to the cells. After 60 h, we verified the cells to be over 90% viable by trypan blue staining before flow cytometric analysis.
Flow Cytometry
Suspended cell samples were diluted fivefold in polystyrene tubes that con -
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RESULTS
Analysis of Transfection Results Using Flow Cytometry
To account for a cell line's natural fluorescent signal, a control of wildtype cells was prepared simultaneously with the cells to be transfected. For each experiment in this study, one well of the 6-well plate was assigned as a control, and its cells were therefore not transfected. The inoculum cells for both the control and transfection were derived from the same culture to eliminate differences between the growth cycle and other culture conditions. The autofluorescence of wild-type cells was also measured by the flow cytometer 60 h posttransfection, immediately following the fluorescent intensity measurement of the GFP -transfected cells.
Because lipid-based transfection reagents can influence the natural fluorescence of cells, the conventional method of control preparation involves lipidmediated transfection of the cells with a blank vector. Figure 1 compares the two control preparation methods and shows that lipofectin had no effect on the autofluorescence of the Sf-21 cells. An identical study using Bm5 cells for the two control samples yielded a matching result (data not shown). BioTechniques 151
Figure 3. Effect of varying the lipofectin/DNA concentrations in the transfection solution on the transfection efficiency (A), the mean expression level (B) and the cell viability (C) using Bm5 cells.
The transfection efficiencies and mean cellular expression levels were determined using flow cytometric analysis. Error inherent to flow cytometry analysis is less than 5%.
E and F). Subtraction of the autofluorescence signal from the transfected cell population allowed the calculation of the transfection efficiency and mean GFP expression level. Duplicate samples were analyzed. Figure 1 shows the base case transfection results for Sf-21 cells, in which the transfection protocol described by Farrell et al. (7) was used. Using the analysis technique indicated by Figure   1 and the generic transfection protocol, several parameters that impact the transfection efficiency and expression level of transfected cells were investigated to devise an improved transfection protocol. Hence, the purpose of this study was to illustrate the ease with which the flow cytometric analysis technique facilitates the optimization of an animal cell transfection protocol. Results of this study provide a useful protocol for the transfection of lepidopteran insect cells.
Optimization of Generic Protocol
The lipofectin manufacturer's protocol suggests that the lipofectin/DNA incubation should be carried out at room temperature; however, we investigated whether the lipid/DNA complex formation might be improved by incubation on ice. The temperature at which the incubation of reagents should take place was investigated and, using Bm5 cells, it was determined that incubation of the lipofectin and lipofectin/DNA solution on ice (0°C) yielded an improved mean GFP expression level and a transfection efficiency of 21% compared with the 14% achieved with incubation at room temperature ( Figure 2A ). The temperature shock did not appear to harm the transfected cells (trypan blue staining).
Because we had previously observed that the use of a specific incubation vessel affected the transfection results, we compared the use of conical tubes composed of polystyrene and polypropylene (Becton Dickinson Vacutainer Systems). Using Sf-21 cells, Figure 2B shows that the polymer material from which the tube was manufactured greatly influenced the results. Use of polystyrene tubes yielded both a much higher mean GFP expression level and a transfection efficiency of 35% compared with the 18% obtained with the polypropylene tubes. This result indicates that the formation of lipid/DNA complexes may have been inhibited when incubation took place in the polypropylene tubes.
Preincubation of the lipid in basal medium is recommended by the manufacturer for at least 30 min before the addition of diluted DNA. The effect of lipofectin incubation has previously been reported for BHK-21 cells (4). To observe the effect on Bm5 insect cells, the diluted lipofectin solution was incubated for 10, 20, 30 and 45 min. It was observed that a longer lipid incubation of at least 30 min corresponds to both a higher mean expression level and transfection efficiency greater than 30% ( Figure 2C ). These results conform to those previously reported (4), suggesting that a longer lipofectin incubation dramatically improves the formation of lipid/DNA complexes.
Incubation of the diluted lipofectin with the diluted DNA permits the formation of lipid/DNA complexes. To determine the optimal incubation time, five lipofectin/DNA incubation times were examined, ranging from 7.5-17.5 min. Figure 2D shows that incubation for less than 15 min yielded lower transfection efficiencies, indicating that insufficient time had likely elapsed for the formation of lipid/DNA complexes. An incubation time of 15 min yielded the highest transfection efficiency of 27%. Incubation for longer than 15 min caused a slight decrease in the transfection efficiency.
The length of time cells were exposed to the transfection solution (the transfection duration) was examined over periods of 5, 7, 10 and 12 h. Both the transfection efficiency and mean expression level increased as the transfection duration increased ( Figure 2E ). Transfection durations of more than 10 h were advantageous. However, some of the cells became detached from the adherent surface and were lost during the subsequent removal of transfection solution and rinsing of the cells. Furthermore, prolonged exposure to lipids has a toxic effect on some cells (13) .
By varying the lipofectin and plasmid DNA concentrations from 5-100 µ g/mL and 1-20 µ g/mL, respectively, we investigated the effect of lipofectin/ DNA concentration in the transfection solution. Figure 3 reveals that the lower lipid concentrations of 5 and 10 µ g/mL yielded transfection efficiencies below 16% and low mean expression levels. Concentrations of 30 and 10 µ g/mL of lipofectin and DNA, respectively, yielded the highest transfection efficiency of 26%. We observed a decrease in transfection efficiency at the highest lipid concentration of 100 µ g/mL. These levels of lipid are toxic to cells (13) in addition to being uneconomical.
The toxic effect of lipids in high concentration after prolonged exposure was verified by transfecting Bm5 cells with solutions containing lipofectin concentrations of 5-100 µ g/mL and DNA concentrations of 1 and 20 µ g/ mL. Following the generic transfection protocol, the cells were exposed to the transfection solution for 5 h, and cell viabilities were determined approximately 60 h posttransfection using trypan blue exclusion. Figure 3 indicates that the viability decreased sharply as the lipid concentration increased above 10 µ g/mL. Over the range of lipid concentrations, similar results were obtained with the 20 and 1 µ g/mL DNA concentrations, suggesting that a substantial increase in DNA concentration is not toxic to the cells.
DISCUSSION
Here, we present an analysis of those parameters influencing the efficacy of animal cell transfection. The analysis used GFP as a reporter protein, which allowed for the rapid and simultaneous determination of the transfection efficiency and mean expression by flow cytometry. This analysis has led to an improved transfection protocol for lepidopteran insect cells, which can now be used to test transient gene expression in different cell lines, compare different expression vectors or generate stably transformed insect cell lines.
Based on the results given in this report, Figure 4 illustrates this improved transfection protocol. Variables shown to impact the efficiency of gene transfer included the incubation temperature, the incubation vessel, the incubation time, the transfection time and the amounts of DNA and lipid. The improved transfection protocol described here has now been successfully used to transfect nine insect cell lines derived from such species as Bombyx mori , Trichoplusia ni , Mamestra brassicae and Lymantria dispar with GFP (data not shown). Implementing the improved protocol caused an increase in transfection efficiency from 25% to 40% and 24% to 40% with Bm5 and Sf-21 cells, respectively, and equally dramatic increases in the mean expression levels (data not shown).
For lipid-mediated transfection, the aim of transfection optimization is to increase the lipid/DNA complex-cell contact, which leads to an increased transfection efficiency. To further optimize the protocol for a specific cell line, the optimal cell density and time during the growth cycle for transfection should be determined because actively dividing cells are generally transfected more efficiently than resting cells (15) . Along with optimizing the parameters discussed here, improved results have also been reported by limiting the transfection solution volume and directly centrifuging the lipid/DNA complex onto the target cells (20) .
